Abstract Emotion attribution (EA) from faces is key to social cognition, and deficits in perception of emotions from faces underlie neuropsychiatric disorders in which cerebellar pathology is reported. Here, we test the hypothesis that the cerebellum contributes to social cognition through EA from faces. We examined 57 patients with cerebellar disorders and 57 healthy controls. Thirty-one patients had complex cerebrocerebellar disease (complex cerebrocerebellar disease group (CD)); 26 had disease isolated to cerebellum (isolated cerebellar disease group (ID)). EA was measured with the Reading the Mind in the Eyes test (RMET), and informants were administered a novel questionnaire, the Cerebellar Neuropsychiatric Rating Scale (CNRS). EA was impaired in all patients (CD p<0.001, ID p<0.001). When analyzed for valence categories, both CD and ID missed more positive and negative stimuli. Positive targets produced the highest deficit (CD p<0.001, ID p=0.004). EA impairments correlated with CNRS measures of deficient social skills (p<0.05) and autism spectrum behaviors (p<0.005). Patients had difficulties with emotion regulation (CD p<0.001, ID p<0.001), autism spectrum behaviors (CD p<0.049, ID p<0.001), and psychosis spectrum symptoms (CD p<0.021, ID p<0.002). ID informants endorsed deficient social skills (CD p < 0.746, ID p<0.003) and impaired attention regulation (CD p<0.144, ID p<0.001). Within the psychosis spectrum domain, CD patients were worse than controls for lack of empathy (CD p=0.05; ID p=0.49). Thus, patients with cerebellar damage were impaired on an EA task associated with deficient social skills and autism spectrum behaviors and experienced psychosocial difficulties on the CNRS. This has relevance for ataxias, the cerebellar cognitive affective/Schmahmann syndrome, and neuropsychiatric disorders with cerebellar pathology.
Introduction
Social cognition is defined as the set of mental processes required to understand, generate, and regulate social behavior [1, 2] . It includes emotion attribution (EA), detection, or decoding of the mental states of others based on immediately available observable information [3] . EA can be understood in terms of three related processes [4] : (a) the identification of emotionally salient information in the environment, (b) the generation of subjective emotional experience and response to this information, and (c) the regulation of subjective emotional experiences and responses. Deficits in EA are believed to be at the core of neuropsychiatric disorders such as schizophrenia and autism spectrum disorder (ASD) [5, 6] .
The neural circuitry underlying social cognition involves frontolimbic connections [1, 7, 8] , mirror neurons in ventral premotor and rostral posterior parietal cortices [9] , the amygdala [10] , insula [11] , medial temporal gyrus [12] , and middle temporal gyrus [11, 13] . Processing of emotions from faces is subserved by higher-order cortices in the temporal lobe, in the ventromedial prefrontal cortex (VMPFC), and in the amygdala [14] . The cerebellum is incorporated into all these associative and paralimbic circuits by way of feed-forward connections from these cerebral cortical areas to cerebellum via the pons (corticopontocerebellar projections) and by feedback connections from cerebellum through thalamus back to the cerebral cortex (cerebellothalamocerebral projections) [15] [16] [17] [18] [19] . The cerebellar vermis, adjacent regions of the posterior cerebellar hemispheres, and the associated fastigial nuclei, collectively referred to as the cerebellar limbic system [20, 21] , are linked anatomically with the amygdala, septum, and hippocampus [22, 23] ; stimulation of the cerebellar vermis modulates firing patterns in these areas [24, 25] ; patients with midline lesions demonstrate social-emotional aberrant behaviors [26] [27] [28] [29] [30] [31] , and earlier studies using cerebellar vermal stimulation ameliorated aggression in patients [32] .
Functional neuroimaging evidence for a cerebellar role in social cognition was presented by van Overwalle and colleagues [33] [34] [35] [36] [37] . These investigators performed meta-analyses of task-based functional magnetic resonance imaging (fMRI) and resting-state functional connectivity MRI (rsfcMRI). They included in their analysis studies of the mirror system recruited when moving body parts are observed-subserved by the mirror network and related sensory-motor system-and the mentalizing system recruited when subjects try to infer the intentionality of others but no motion input is availablesubserved by the mentalizing/default network (as in Bucker et al. [38] ). The finding of an overlap between the areas of the cerebellum involved in social cognition and the default/ mentalizing network led these investigators [35] to conclude that the cerebellum performs a domain-specific mentalizing process involving abstract and complex mentalizing inferences.
Clinical investigations support these neuroimaging studies suggesting a role for the cerebellum in social cognition. Baribeau and colleagues [39] used a facial EA task, the revised version of the Reading the Mind in the Eyes test (RMET) developed by Baron-Cohen [40] , to study 265 children with autism spectrum disorder (ASD), attentiondeficit/hyperactivity disorder (ADHD), and obsessivecompulsive disorder (OCD). Cerebellar pathology has been reported in ASD and ADHD [41] [42] [43] [44] but is less well defined in OCD [45] [46] [47] [48] [49] . The ASD and ADHD children scored lower than patients with OCD and controls (p<0.001) on the RMET total score and on items with positive valence (p< 0.01). Greater social communication impairment and hyperactivity/impulsivity, but not OCD traits/symptoms, were associated with lower scores on the RMET, irrespective of diagnosis [39] .
The cerebellar cognitive affective syndrome (CCAS) [27] , now also referred to by the eponym BSchmahmann syndrome^ [28] , is characterized by deficits in executive function, linguistic processing, and visual spatial cognition as well as impairments in affect regulation. The affective component of the CCAS, conceptualized as the neuropsychiatry of the cerebellum, comprises impairments in five major domains of behavior-attentional control, emotional control, psychosis spectrum, autism spectrum, and social skill set [21] . Many of these behaviors are impacted directly by the individual's ability to understand, generate, and control social behavior, the essence of social cognition.
Studies of social cognition using story-based assessments of EA in patients with primary cerebellar disease or injury [50] have produced conflicting results. Patients with spinocerebellar ataxia (SCA) 2 and SCA7 were shown to be impaired [51] , whereas patients with superficial siderosis [52] and SCA3 and SCA6 [53] were not. In contrast, EA performance was shown to be impaired in small studies of cerebellar patients using picture-based face EA tasks. Adamaszek and colleagues [54] administered a picture-based battery of a series of photographs of faces adapted from the Florida Affect Battery [55] to 15 patients with cerebellar stroke and demonstrated impaired emotional facial expression and emotional prosody in response to stimuli with negative valence. Agata and colleagues [56] administered the Ekman 60 Faces battery and the Tamietto 50 Faces test [57] to 13 patients with SCA 2 (n=9), SCA6 (n= 5), SCA 7 (n=2), and SCA 8 (n=4). This study reported a significant difference between patients and controls in the recognition of all emotional stimuli presented, and within the cerebellar cohort, impairments were most pronounced for recognition of negative and positive emotions.
Little is known about EA from faces and social cognition in patients with primary cerebellar disease or injury. In this study, we set out to explore the cerebellar contribution to social cognition adopting the a priori hypothesis that deficits in EA are associated with deficient social skills, lack of empathy, and behavioral alterations [58] [59] [60] [61] [62] [63] . We note, however, that alternative theories have been proposed for the inability to accurately interpret the mental state of others. It has been argued, for example, that a lack of cognitive empathy, or the inability to adopt another person's perspective (i.e., Theory of Mind (ToM) deficit), is the core hallmark of a lack of social skills and that this impairment underlies other problems including the inability to understand another person's mind and emotions [58] .
In this study, we hypothesized that (1) patients with cerebellar pathology are impaired on tasks of EA, (2) cerebellar pathology is sufficient to produce deficits in EA, and (3) EA impairments may be associated with impaired social skills, emotion dysregulation, and impairments in social cognition that have been associated with autism spectrum behaviors and with blunted empathy.
Participants and Methods

Participants
Patients were recruited from the Ataxia Unit in the Department of Neurology of the Massachusetts General Hospital if they had hereditary or other neurodegenerative ataxias or acquired injury to the cerebellum. Medically ill ataxia patients and those with developmental neurological disorders were not considered. In all cases, detailed history was elicited and neurological examination performed (JDS). Group assignments of patients into isolated cerebellar disease and complex cerebrocerebellar disease were based on analysis of genotypes in patients with genetic neurodegenerative cerebellar disease, published pathologic features of the SCAs and related disorders [64] , and expert consensus criteria [65] . Analysis of clinically available magnetic resonance brain imaging in patients with injury to the cerebellum complemented the group assignment.
Of the 57 patients, 31 were categorized as having complex cerebrocerebellar degeneration, as the pathology of their disorders (genetic or acquired) is known to involve cerebellum as well as cerebral and brainstem structures [65] [66] [67] . This group included patients with spinocerebellar ataxia (SCA) 1, SCA2, SCA3, SCA7, SCA17, ataxia oculomotor apraxia type 2 (AOA2), multiple system atrophy of the cerebellar type (MSAc), Friedreich's ataxia, complex cerebrocerebellar degeneration of unknown etiology, and left cerebellar injury with brainstem involvement. Twenty-six patients had disease confined to cerebellum. Of these, 18 had isolated cerebellar degeneration in which the pathology of the genetic or other neurodegenerative disorder has been shown to be confined to cerebellum (isolated cerebellar hypoplasia, SCA6, SCA8, idiopathic late-onset cerebellar ataxia (ILOCA), autosomal recessive cerebellar ataxia type 1 (ARCA-1), and episodic ataxia type 2 (EA-2)). A further eight had isolated injury confined to the cerebellum (right hemisphere, left hemisphere, midline or bilateral) as determined by neurological examination and magnetic resonance brain imaging.
Fifty-seven healthy controls were recruited from the panel of volunteers at the Massachusetts General Hospital, matched for age, gender, education, and handedness (see Table 1 for a detailed description of patient demographics; diagnoses; and age, educational level, and gender of the study subjects).
This study was approved by the Institutional Review Board of the Massachusetts General Hospital. Informed consent was obtained from all participants.
Social Cognitive Assessment
In order to evaluate social cognition, specifically EA, we administered the revised Reading the Mind in the Eyes test (RMET) [40] . The RMET consists of 36 black-and-white photographs of the eye region of faces taken from magazine photos. Each pair of eyes is standardized to the same size (15 cm×6 cm) and edited such that the eye region is visible from just above the eyebrow down to midway along the bridge of the nose. Participants are asked to determine which of four words (the standardized correct response and three distracters) describe what the person in the photograph might be thinking or feeling. Response items can be divided into three categories of varying emotional valence (positive, negative, and neutral) [68] . Total scores range from 0 (no correct answers) to 36 (maximum correct). Subscores range from 0 to 12 (negative valence), 0 to 8 (positive valence), and 0 to 16 (neutral valence), depending on the number of items in each category.
Neuropsychiatric Assessment
Neuropsychiatric behaviors were evaluated by means of a novel questionnaire derived from an earlier study which introduced the concept of the neuropsychiatry of the cerebellum [21] . In that analysis, patients demonstrated, or family members reported, neuropsychiatric phenomena that were categorized according to five domains of behavior-attentional control, emotional control, autism spectrum, psychosis spectrum, and social skill set. Within each of these five domains, symptoms were further grouped according to negative spectrum symptoms (diminished, hypometric, or undershoot) and positive spectrum symptoms (exaggerated, hypermetric, or overshoot) ( Table 2 ). Schmahmann et al. (in preparation) have used these symptoms, scored on a four-point Likert scale to develop a novel instrument, the Cerebellar Neuropsychiatric Rating Scale (CNRS). Here, we used a preliminary version of this new CNRS, completed by first-degree relatives of the patients and healthy controls, to assess deficits in the five identified domains of behavior in our cerebellar cohorts and correlated responses on this scale with subjects' performance on the RMET. The questions probing depression and dysphoria on the CNRS were used to test for confounding influences of depression on the interpretation of valence categories of the RMET task. Within the psychosis spectrum domain, symptoms of lack of empathy were evaluated separately. Bihemispheric cerebellar injury (hemorrhage (n=2), medulloblastoma)
Right cerebellar injury (R-PICA stroke, R-SCA stroke (n=2)) 3 (2/1) 43±15.6 16±0
Reported as means (standard deviations in parentheses)
AOA-2 ataxia oculomotor apraxia type 2, ARCA-1 autosomal recessive cerebellar ataxia type 1, EA-2 episodic ataxia type 2, ILOCA idiopathic late-onset cerebellar ataxia, L left, SCA superior cerebellar artery, MSA-c multiple system atrophy of the cerebellar type, PICA posterior inferior cerebellar artery, R right, SCA superior cerebellar artery, SCA-1 spinocerebellar ataxia type 1 
Statistical Analysis
Behavioral data were analyzed using SSPS v21 (SSPS Inc.). Parametric data for patient groups and matched controls were compared via one-way analysis of variance (ANOVA) of the means of each group based on a priori hypotheses followed by paired Student's t tests if the F ratio was significant. Following Cohen's guidelines for effect size, the effect size was calculat-
): small d>0.2/r> 0.1, medium d>0.5/r>0.243, and large d>0.8/r>0.371) [69] . Effect size was calculated using means and standard deviations instead of t values and degrees of freedom to prevent an overestimation of effect sizes [70] . A p<0.05 was considered statistically significant.
We further modeled the RMET error probability using random effects logistics regression, using the BR^statistical software (Version 3.1.0) [71] , with the Blme4^and BlmerTestl ibraries [72, 73] . We adjusted for multiple comparisons using the approach of Hothorn et al. [74] , as implemented in the Bmultcomp^R library.
The Pearson product-moment correlation coefficient (Pearson's correlation) was used to measure the strength of associations between RMET and four selected aspects of the CNRS adopting the a priori hypothesis [58] [59] [60] [61] [62] [63] that deficits in EA are associated with deficient social skills, lack of empathy, emotional control, and autism spectrum behaviors. This was done in order to avoid effects of multiple comparison [69] .
Results
Performance on the Reading the Mind in the Eyes Test
EA was impaired in all patients when compared to controls when analyzed for total scores (complex cerebrocerebellar disease group (CD) patients p<0.001, isolated cerebellar disease group (ID) patients p<0.001) ( Table 3) . Patients missed more negative and positive targets than neutral targets when analyzed separately from controls (Table 4 , Fig. 1) .
When modeling the RMET error probability using random effects logistic regression, both CD and ID patients had a significantly smaller average probability of correct response for positive valence eyes than their corresponding control groups (p=0.004 and p<0.001, respectively, adjusting for multiple comparisons), but not for neutral or negative valence (p>0.27). The estimated differences from controls in these positive valence probabilities, 0.79-0.63=0.16 for the CD group and 0.81-0.50=0.31 for the ID group, were not significantly different (p=0.32) ( Table 5 , Fig. 1) .
Within the ID group, eight patients had focal lesions of the left or right cerebellar hemispheres and midline/bilateral cerebellum. These patients were as impaired on the RMET as patients with degeneration confined to the cerebellum. No significant difference in performance was found between patients with lesions of the right or left hemispheres, but the number of subjects with focal lesions was small.
Cerebellar Neuropsychiatric Rating Scale
Social and emotional skills were assessed by administering a questionnaire to first-degree relatives of patients and controls, targeting the previously identified domains of affective impairment in a population of cerebellar patients. Note that higher scores on the symptoms/sign questionnaire indicate a higher degree of pathology (for a summary of symptoms investigated on the novel questionnaire, see Table 2 ).
Cerebellar Neuropsychiatric Rating Scale Domains Impaired in Both Isolated Cerebellar Disease Group and Cerebrocerebellar Disease Group Patients
Patients in both the CD and ID groups scored higher than controls on the symptom questionnaire for hypometric emotional control (CTL mean=0.97; CD mean=3.47, p<0.001; ID mean=4.60, p<0.001) and hypermetric emotional control (CTL mean=1.86; CD mean=3.42, p=0.013; ID mean=4.10, p < 0.001 complex). Effect sizes were large for both hypometric (CD r=0.55; ID r=0.62) and hypermetric (CD r=0.39; ID r=0.55) measures.
Both patient groups scored higher than controls on the symptom questionnaire for hypometric autism spectrum symptoms (CTL mean=0.95; CD mean=1.68, p=0.049; ID mean=2.50, p<0.001). Effect sizes were medium for CD (r= 0.30) and large for ID (r=0.60). Comparison of the total scores on the RMET (maximum score=36) in patients with complex (CD) and isolated (ID) cerebellar pathology They also scored higher when compared to controls on the symptom questionnaire for hypometric psychosis spectrum (CTL mean=1.16; CD mean=2.32, p=0.021; ID mean= 3.20, p=0.002). Effect sizes were medium for CD (r=0.31) and large for ID (r=0.46).
Cerebellar Neuropsychiatric Rating Scale Domains Impaired Only in Isolated Cerebellar Disease Group Patients
Patients in the isolated group, but not in the complex group, scored higher compared to controls on the symptom questionnaire for hypermetric psychosis spectrum (CTL mean=0.30; CD mean=0.89, p=0.064; ID mean=1.00, p= 0.002). Effect sizes were medium for CD (r=0.32) and large for ID (r=0.45).
ID patients scored higher when compared to controls on the symptom questionnaire for hypometric social skills (CTL mean=1.43; CD mean=1.63, p=0.746; ID mean=3.80, p= 0.003). Effect sizes were negligible for CD (r=0.05) and large for ID (r=0.48).
ID patients also scored higher than controls on the symptom questionnaire for hypometric attention regulation (CTL mean = 2.84; CD mean = 4.16, p = 0.144; ID mean = 7.00, p<0.001). Effect sizes were small for CD (r=0.28) and large for ID (r=0.68).
Cerebellar Neuropsychiatric Rating Scale Impairments Only in Cerebrocerebellar Disease Group Patients
Within the psychosis spectrum domain on the symptom questionnaire, patients in the CD group, but not in the ID group, scored higher than controls for the report of lack of empathy (CTL mean=0.35; CD mean=0.80, p=0.036; ID mean=0.50, p=0.491). Effect sizes were medium for CD (r=0.32) and small for ID (r=0.13).
No significant differences were found between ID or CD patients and controls on the symptom questionnaire for hypermetric social skill set (CTL mean=1.95; CD mean=3.21, r= 0.26; ID mean=3.60, r=0.49; p=0.058), hypermetric autism spectrum (CTL mean=0.68; CD mean=0.74, r=0.03; ID mean=1.10, r=0.22; p=0.240), and hypermetric attention spectrum (CTL mean=3.08; CD mean=3.42, r=0.08; ID mean=4.70, r=0.34; p=0.240).
Reading the Mind in the Eyes Test and Cerebellar Neuropsychiatric Rating Scale Correlation
Correlation analysis was performed between the RMET and selected domains identified as being impaired on the CNRS: namely, emotional control, lack of empathy, autism spectrum behaviors, and deficient social skills.
Performance on the RMET had strong negative correlation with autism spectrum behaviors (hypermetric range) (Pearson's r=−0.428; p=0.005) and deficient social skills (hypometric range) (Pearson's r=−0.387; p=0.011).
No significant correlation was found between performance on the RMET and symptoms of emotional dysregulation or lack of empathy.
Further, symptoms of depression and dysphoria were not significantly correlated with missed RMET targets when analyzed according to their valence categories (negative, neutral, positive). Comparison of the percent accuracy of correct answers per valence category of presented stimuli (negative, neutral, positive) in patients with complex (CD) and isolated (ID) cerebellar pathology and controls Fig. 1 Plot of mean probability of correct RMET response per valence category. Comparison of probability of correct answers on RMET valence categories (negative, neutral, and positive stimuli) for all patients in comparison to controls. Cerebellar patients were significantly less likely to score correct on positive stimuli than healthy controls (***p<0.001). This pattern was consistent within all patient groups (CD = ID). A p<0.05 was considered statistically significant
Discussion Emotion Attribution Deficits in Patients with Cerebellar Disease
Our results show that patients with cerebellar damage were impaired on a test of EA, assessed using the revised RMET [40] . This was true for patients with complex cerebrocerebellar degeneration as well as for those with isolated cerebellar disease or injury. This finding supports our hypothesis that patients with cerebellar pathology are impaired on tasks of emotion attribution (EA) and that cerebellar pathology alone is sufficient to produce these deficits in EA. Our findings are in line with earlier reports in smaller cohorts of cerebellar patients that demonstrated EA impairments using picture-based EA tasks [54, 56] . When analyzing the profile of performance for the patient group only, despite the differences in picture-based tasks used in the present and earlier studies, we replicate the observation that cerebellar patients have more difficulty recognizing emotions with negative and positive valence than they do for emotionally neutral stimuli (Fig. 1) [54, 56] .
The impaired decoding of negative emotions on the RMET in the patient group is in line with our earlier observation that the cerebellum is embedded in an aversion-related circuitry that processes unpleasant emotions [75] . Studies measuring fMRI activity pattern in response to emotionally salient stimuli show deficits in accuracy of decoding negative stimuli [75] [76] [77] . Further, with regard to processing negative emotions from faces, patients with pathology in cerebellar-limbic networks are impaired on extracting information from the eyes, the primary decoding region for negative emotions [78] .
However, when analyzing patient performance in comparison to controls, the difference for valence category accuracy on the RMET shifts toward an even larger impairment for positive emotions. We show that both patient groups (CD and ID) demonstrate a significantly smaller average probability of correct response for positive valence than their corresponding control groups (Fig. 1) . This is consistent with the recent finding of Baribeau et al. [39] that patients with ASD and ADHD which include cerebellar pathology [41] [42] [43] [44] are impaired on overall scores of the RMET in addition to significant impairment on items with positive valence. These two studies are the first to show that patients with cerebellar pathology are impaired in their ability to recognize happy faces on the RMET. This observation may be explained by the nature of the RMET itself. Patients performing the RMET rely solely on visual cues from the region around the eyes to decode emotions without other regions of the face. The developing brain relies heavily on visual cues from the mouth area to recognize happiness [79] , and during development, cues from the mouth area become less important and are largely replaced by visual decoding of the eye region [78] . Previous studies of whole-face perception in patients with cerebellar stroke and degeneration [54, 56] did not demonstrate this deficit in decoding positive stimuli that we describe in our study using the RMET alone. This discrepancy suggests that cerebellar patients utilize additional perioral facial cues to decode positive facial stimuli. The results provide novel insights into the cerebellar contribution to social perception from faces. They emphasize the importance of the eye region for emotion recognition and suggest further that patients with cerebellar pathology may be evaluating the mouth region as a compensatory strategy for recognizing positive emotions. This opens the way for future interventions and cognitive behavioral training targeting decoding of the eyes as well as the mouth in patients with cerebellar pathology, perhaps including those with schizophrenia and autism. Altogether, the findings using the RMET stand in contrast to those using story-based tasks [50] that have produced conflicting results: Patients with spinocerebellar ataxia (SCA) 2 and SCA7 were shown to be impaired [51] , whereas patients with superficial siderosis [52] and SCA3 and SCA6 [53] were not. This difference may be explained by our larger sample size, but it may also be related to the structure of tasks. Story-based tasks allow subjects to utilize other reasoning abilities to compensate for a weakness Comparison of RMET error probability in patients with complex (CD) and isolated (ID) cerebellar pathology and controls was modeled using random effects logistic regression followed by adjustment for multiple comparisons [72] [73] [74] . A p<0.05 was considered statistically significant. Note that cerebellar patients were significantly less likely to score correct on positive stimuli than healthy controls with large effect sizes. ID patients were even less likely to score correct on positive valence stimuli than CD patients with the difference between them not being significant (ID = CD)
in EA [80] , whereas the RMET is a more pure measure of EA which has been widely used and validated in experimental studies of EA [40] . The cerebellum's role in social cognition is facilitated by its anatomical connections to the limbic system [20, 22, 26] which is necessary for recognition of emotionally salient stimuli on the opposite ends of the emotional spectrum, i.e., sadness and happiness [10, 81] . The amygdala and anterior insula are particularly important for the identification of emotional stimuli [10] . The amygdala is also engaged with identifying faces and direction of gaze [82, 83] , emotional expressions displayed by others, and the generation of appropriate emotional and behavioral responses to emotionally salient stimuli [10] . Our patients had more difficulty recognizing emotions with negative and positive valence than they did neutral stimuli, indicating that cerebellar pathology was sufficient to induce a profile of EA impairments similar to that resulting from pathology in cerebral hemispheric limbic structures [84] . This is consistent with the notion of a limbic cerebellum and the view that cerebellar-limbic connectivity facilitates the cerebellar influence on processes subserving emotion recognition [20] [21] [22] 26] .
Report of Symptoms Using the Cerebellar Neuropsychiatric Rating Scale
On the novel Cerebellar Neuropsychiatric Rating Scale (CNRS), cerebellar patients exhibited a range of deficits when compared to healthy controls. Hypometric symptoms predominated in all five domains: Both CD and ID patients were affected in the domains of attentional control, emotional control, autism spectrum, and psychosis spectrum, while for the ID group deficits were reported in social skill set. Hypermetric symptoms were reported in the domain of emotional control (CD and ID) and psychosis spectrum (ID only). There was no domain in which ID was spared but CD affected, with the single exception of the feature of lack of empathy (within the hypometric psychosis spectrum), which was higher in CD patients but not in ID patients.
These findings in our cerebellar patients make it unlikely that the neuropsychiatric features identified by the CNRS resulted from cerebral (i.e., other than cerebellar) pathology. Indeed, the ID group alone reported impairments in the domains of attentional control and social skill set (hypometric features) and psychosis spectrum disorders (hypermetric). The pure, or at least relatively pure, cerebellar basis for neuropsychiatric phenomena provide support for the formulation of the constellation of symptoms and signs that are the basis of the notion of the neuropsychiatry of the cerebellum (Schmahmann et al. [21] , building on Schmahmann and Sherman 1998 [27, 28] and Levisohn et al. [29] ). We note that the present adult patient cohorts did not differ significantly from healthy controls with respect to hypermetric symptoms in the domains of attentional control, autism spectrum, and social skill set. This stands in contrast to our previous study [21] that included children with cerebellar tumors, cerebellar agenesis, and childhood-onset cerebellar degenerative diseases, which found evidence of hypermetric impairments in these domains. It is possible that the neuropsychiatric spectrum of the CCAS may differ in children compared to adults. This is suggested by reports of developmental CCAS in children with cerebellar disorders that describe neurobehavioral deficits in attentional control, autism spectrum, and social skill set [29-31, 85, 86] .
Reading the Mind in the Eyes Test Performance Correlates with Deficient Social Skills and Autism Spectrum Behaviors
Our finding that impairments in EA were significantly associated with deficient social skills and autism spectrum behaviors is in line with the current understanding of the cognitive processes involved in emotion recognition. The recognition of emotionally salient stimuli (EA) prompts the generation of an emotional subjective experience and response that need to be regulated so that the affective state and response are contextually appropriate [4] . EA deficits leading to, or at least related to, autism spectrum behaviors and deficient social skills are relevant when considering the presence of cerebellar pathology in a range of neuropsychiatric disorders with impaired emotion recognition [87] [88] [89] . The impairment in EA in patients with pure cerebellar disease highlights the potential pathophysiological role of the cerebellum in autism which consistently shows impairments on the RMET and other tasks of emotion recognition [87] [88] [89] . Similarly, patients with Huntington's disease score lower than controls on the RMET [90] , as do patients with schizophrenia who also show impairments in responses to face stimuli on the NimStim Face Stimulus Set [90] . Cerebellar pathology is a component of the underlying neurobiology in each of these disorders (autism [91] , schizophrenia [92] , and Huntington's disease [93] ), and therefore, the impairment in social cognition in these disorders that is dependent upon EA may result, at least in part, from cerebellar pathology.
We note that cerebellar patients who endorsed symptoms of depression and dysphoria on the CNRS did not perform more poorly on the RMET and were no different from the overall patient cohort in their distribution of errors in each of the valence categories (positive, neutral, and negative). Whereas studies in patients with depression report a bias toward identification of emotional stimuli as negative [94] , there was no evidence in our cohort of an influence of depressed mood on the selection of emotional valence for the RMET stimuli.
Cerebellar Role in Emotion Attribution and Social Cognition
At a mechanistic level, the RMET requires subjects to match the eyes in each picture at an unconscious, rapid, and automatic level in order to make judgments regarding facial emotional expression [40] . The cerebellum is necessary for implicit learning, automatic processing, and higher-order control [95] , and automaticity and categorization are important determinants of the meaning of gesture, speech, and expression [96] . These features relate directly to the dysmetria of thought theory and the notion of the universal cerebellar transform (UCT) [20, 26, 97] , in which the essential function of the cerebellum is to maintain behavior around a homeostatic baseline, appropriate to context, automatically and without conscious awareness. Suboptimal performance by cerebellar patients on the EA task may thus reflect loss or impairment of the UCT required for the processing of the emotionally salient information. Given the importance of the EA for social cognition, the disruption of the cerebellar influence on EA represents a potential direct link between cerebellar pathology and deficits in social cognition.
Strengths and Limitations
This is the largest cohort to date of adult patients with cerebellar disease in which social cognition has been investigated, including EA and neuropsychiatric and psychosocial behaviors. We employed a widely used experimental test of emotion attribution (RMET) [40] along with a preliminary version of an experimental neuropsychiatric questionnaire, the CNRS, developed in our lab and based on prior findings from our research regarding the nature of emotional and social deficits in patients with cerebellar disorders (Schmahmann et al., in preparation) .
Limitations of this study also result from the experimental approach inherent in currently available methods of social cognitive testing. It should be acknowledged that EA is not synonymous with social cognition, although it is an essential component in the process of reaching conclusions about social situations. Traditional tests of EA are limited to static protocols in an experimental setting that parse social cognitive functions which are usually dynamic and fleeting in daily life. Social cognitive demands in real life do not occur in isolation, nor are they decontextualized as a single photographic image, but rather are contextually dependent and continuously changing [98] . Assessing social cognitive functions in isolation in an experimental setting may therefore overestimate or underestimate an individual's capability. Nevertheless, the RMET is one of the most frequently used tests of EA and provides a reliable measure of EA that enables comparison of subjects across disease entities. The EA task may require cognitive processing, such as visual-spatial reasoning as well as executive functions, attention, working memory, or language skills [98] . Further, it has been suggested that social cognitive performance per se is ameliorated by operationalization of cognitive networks in addition to recruitment of a social cognitive core circuitry [99, 100] . This question will need to be addressed by evaluating whether cognitive networks support EA in patients with cerebellar disease.
Whereas the RMET assesses decontextualized EA, we developed the CNRS in our lab to evaluate social and emotional cognition in patients with cerebellar pathology in their everyday life. The results of this study, specifically that the CNRS correlates with performance on the RMET, add validity to this newly developed measure. This assessment instrument remains to be further validated in prospective studies in our lab and elsewhere.
Recent investigations [33] [34] [35] [36] [37] indicate that there are network specific locations within cerebellum for different aspects of social cognition. It would be informative to perform a detailed analysis of structure-function correlation in the domains of social cognition in patients with focal cerebellar lesions to determine if there is unique or preferential overlap with lesions in the somatomotor, limbic, and default networks. Our cohort was mostly degenerative, however, and there were insufficient numbers of patients with focal lesions to perform this analysis with anatomic specificity with respect to cerebellar lobules or hemispheric asymmetry. Given what is now known about cerebellar functional topography for sensorimotor, cognitive, and affective behaviors [101, 102] and specifically for social cognition [33] [34] [35] [36] [37] , further investigations are planned in patients with focal cerebellar lesions to follow up our present observations in patients with more diffuse cerebellar damage.
Conclusions
Patients with primary cerebellar disease are impaired on the RMET, a test of EA which is important for social cognition. The profile of suboptimal performance on EA in the RMET is similar to that in patients with pathology confined to limbic circuitry, underscoring the functional importance of reciprocal cerebellar interconnections with the limbic, paralimbic, and cerebral association areas [102] .
Judgment of facial emotional expression in the RMET requires rapid, automatic, and implicit processing [40] which is also the essence of the proposed universal cerebellar transform [20, 26, 97] . EA deficits in cerebellar patients thus provide support for the notion of the universal cerebellar transform and indicate that the cerebellum is essential for social cognition. The difficulties with social cognition reported by family members on the CNRS suggest that performance on this measure relates to challenges that patients encounter in their everyday life.
These findings have relevance for social emotional functioning in patients with cerebellar disorders and for the cerebellar contribution to neuropsychiatric disorders including autism and schizophrenia in which social cognition is affected.
